Background: The new navigation system iASSIST TM for total knee arthroplasty (TKA) relies on accelerometers and gyroscopes. The objective of this prospective study was to compare the accuracy of iASSIST TM to that of the conventional optical navigation system Navitrack TM by determining the rate of mechanical axis restoration (± 3
Introduction
Navigation for total knee arthroplasty (TKA) was introduced in the 1990s to increase the quality and reproducibility of implant positioning, with the goal of improving functional outcomes and prosthesis survival [1] [2] [3] [4] [5] [6] [7] .
Despite encouraging results, the penetration rate of conventional navigation systems has failed to exceed 5%, probably because of a longer operative time and perceived complexity of use [4, [8] [9] [10] . Patient-specific instrumentation was introduced a decade ago and has met with considerable success, in part due to the simplicity of their use during surgery [11] [12] [13] . Nevertheless, the need for specific preoperative imaging and the controversial nature of the outcomes have placed limits on these methods [14] [15] [16] [17] .
Novel navigation systems that rely on accelerometers and gyroscopes were developed recently. Compared to conventional systems, they are less bulky, do not require the insertion of tracking pins, and simplify the navigation procedure [18] . Among them, iASSIST TM Knee System (Zimmer ® , Warsaw, IN, USA) consists of four disposable pods that are secured to the resection guides and communicate with one another through their internal radiofrequency networks. The pods capture information on the orientation of the coronal and sagittal axes, thereby allowing navigation and verification of the distal femoral and tibial bone cuts, with the rest of the procedure being carried out as usual. Few studies have compared these novel devices to conventional navigation systems [19, 20] .
The objective of this prospective study was to assess the accuracy of the iASSIST TM system comparatively to the extensively evaluated Navitrack TM system (ORTHOsoft ® , Montreal, Canada). The following were analysed: rate of mechanical axis restoration (± 3 • ), postoperative mechanical axis alignment, rates of adequate femoral and tibial implant positioning, mean operative time and mean operating-theatre occupancy rate, and occurrence of navigation-related incidents. Our main hypothesis was that the rate of mechanical axis restoration (± 3 • ) was not lower with the iASSIST TM system than with a conventional optical navigation system.
Material and methods

Patients
This prospective, non-randomised, comparative, single-centre, single-surgeon (PG) study was conducted from October 2013 to March 2014. Table 1 lists the inclusion and exclusion criteria, and 
Inclusion criteria
Indication of primary TKA for knee osteoarthritis without rheumatoid arthritis Tibio-femoral valgus or varus < 15
•
Signed informed consent document Exclusion criteria
Ipsilateral hip condition with a potential for affecting the accuracy of navigation systems that use the centre of the hip Severe hip osteoarthritis Hip ankylosis Severe hip dysplasia or dislocation Refusal to participate in the study Fig. 1 shows the flow chart. The included patients were divided into two groups depending on whether iASSIST TM or Navitrack TM was used for navigation. The study complied with good clinical practice guidelines. Approval was obtained from the ethics committee of the Pasteur Hospital in Brest, France. Each patient gave written consent prior to study inclusion.
Methods
The surgical procedure was standardised and the surgeon (PG) had extensive experience with TKA and navigation techniques. In both groups, PCL (posterior cruciate ligament-retaining) NK Gender Solutions TM implants (Zimmer, Warsaw, IN, USA) were implanted via the mid-vastus approach, using a tourniquet. The postoperative care programme was the same in the two groups. In one group, navigation was performed using iASSIST TM , a system that relies on accelerometers and gyroscopes to capture information on coronal and sagittal alignment, in real time within the surgical field. The system comprises four, small, cordless, disposable, electronic pods that contain LED indicators and clip onto the regular cutting guides. The bone cuts were performed independently, starting with the femur. To acquire the reference femoral mechanical axis, a bone spike, with a pod clipped to it, was inserted into the distal femur, centred on the intercondylar notch considered the distal reference point. The proximal reference point was acquired by kinematic determination of the femoral head centre, achieved by flexing the knee and rapidly jerking the hip through abduction, the neutral position, and adduction. The distal femoral cutting guide was then oriented in the coronal and sagittal planes based on the information provided by the LED indicators (Fig. 2) . A validation step served to assess the orientation of the cut and to correct it if needed. A 4-in-1 femoral cutting guide, aligned in rotation on Whiteside's line, was used to complete the preparation of the femur. To acquire the reference tibial mechanical axis, a pod was clipped to an extramedullary (EM) rod, which was secured distally by clamps around the malleoli (centred on the tibia) and impacted proximally between the tibial spines. The axis provided by this EM rod was transmitted to the iASSIST TM pod via activation of the gyroscopes and accelerometers achieved by flexing the knee and rapidly jerking the hip through abduction, the neutral position, and adduction. The position of the tibial cutting guide was adjusted based on the information provided by the iASSIST TM pod (Figs. 3 and 4 ). The cut was performed then assessed and either validated or corrected as appropriate. The rest of the procedure was performed as usual.
In the other group, Navitrack TM was used for navigation. The arthrotomy incision was performed. At a distance from the main incision, two tibial and femoral pins bearing the optical sensors were inserted into the diaphyses. Bone morphing was then performed using data captured by a navigation pointer. The distal femoral cutting guide then the tibial cutting guide were positioned. These guides were oriented (in the coronal, sagittal, and axial 3 . Acquisition of the tibial mechanical axis. View of the antero-medial aspect of the leg showing acquisition of the mechanical axis of the tibia: an extramedullary rod, secured distally by clamps around the malleoli and impacted proximally between the tibial spines, mechanically defines a tibial reference axis, which is transferred to the pod system by activation of the gyroscopes and accelerometers (achieved by moving the hip through adduction, the neutral position, and abduction, with the knee flexed). planes) based on the data from the navigation system, with simulation of the resection heights. The orientation and height of each cut were validated. Preparation of the femur was completed using a 4-in-1 guide, which was not navigated in rotation in the simplified navigation procedure chosen for the study. The criteria for positioning the guide were the same as in the iASSIST TM group. After insertion of the trial and final implants, the HKA, flexion/extension, and ligament balance were checked.
Assessment methods
A standardised radiographic evaluation was conducted preoperatively then 6 months after surgery. It included a long-leg view, a weight-bearing antero-posterior view (with the beam perpendicular to the plane of the patella), and a true lateral view (with the condyles overlying one another). The radiographs were read twice by the same observer using a blind procedure and Joints ® Plan (Medstrat, Downers Grove, IL, USA). The observer measured the hip-knee-ankle angle (HKA), mechanical lateral distal femoral angle (mLDFA), and mechanical medial proximal tibial angle (mMPTA) on the preoperative and 6-month radiographs.
The pre-specified navigation objectives were as follows:
• restoration of an HKA value of 180 • ± 3 • ;
• satisfactory femoral implant position defined as an mLDFA of 90 • ± 3 • ; • and satisfactory tibial implant position defined as an mMPTA of 90
For each of these three parameters, the following were recorded: angle value, absolute angular deviation from the objective, and number of patients in whom the objective was achieved. The optimal success rate was defined as the proportion of patients in whom all the objectives were attained for all three parameters.
The operative time, theatre occupancy time, and intraoperative navigation-related adverse events were recorded and counted.
Statistical analysis
The statistical analysis was performed by an independent investigator, using SPSS TM v.23.0 (IBM, Armonk, NY, USA).
Quantitative variables were described as mean ± SD (range) and compared using Student's t-test or, for non-normally distributed variables, the non-parametric Mann-Whitney test. Categorical variables were described as n (%) and compared using Fisher's exact test. The conditions required to ensure the validity of these tests were checked. Intra-observer reproducibility of the radiographic measurements was evaluated by computing the intra-class coefficient (ICC). Values of P lower than 0.05 were considered significant.
Results
Population
The study was conducted in 40 patients, including 20 managed with iASSIST TM and 20 with Navitrack TM . The two groups were comparable at baseline ( Table 2) . No patient was lost to followup, and all analyses were conducted on complete data from the 40 patients. Table 3 reports the 6-month radiographic outcomes. The intraobserver ICC was 0.88. The two groups showed no differences for the HKA restoration rate (P = 0.3), the rates of satisfactory position of the femoral implant (P = 0.12) and tibial implant (P = 0.12), or the optimal success rate (P = 0.09). Significant differences in favour of iASSIST TM were found for the angle values and angular deviations of HKA (P = 0.02) and mMPTA (P = 0.01). No differences were found for mLDFA or for the absolute deviations, particularly of mMPTA (1.27 • ± 0.7 • vs 2.1 • ± 1.6 • ; P = 0.57).
Radiographic outcomes
A post-hoc power analysis was performed. Under our noninferiority hypothesis, with a 10% margin, alpha set at 0.05, n = 40 patients, P iASSIST = 0.95, and P Navitrack = 0.85, the statistical power of the analysis was 70%. [19] 92.50% 0.9
• HKA: hip-knee-ankle angle (mechanical axis of the lower limb); mLDFA: mechanical lateral distal femoral angle; mMPTA: mechanical medial proximal tibial angle; NA: not available.
Operative time and adverse events
The mean time from skin incision to completion of skin closure was 66 ± 7 minutes with iASSIST TM and 60 ± 11 minutes with Navitrack TM (P = 0.06) ( Table 4) .
There were 4 navigation-related adverse events, 3 in the iASSIST TM group and 1 in the Navitrack TM group (P = 0.18). The events with iASSIST TM consisted of one case each of unclipping of a pod at the beginning of the procedure, faulty pod-to-pod communication requiring the use of a second set of pods, and unexplained failure of distal femoral cut validation. The event seen with Navitrack TM was mobilisation of the femoral sensor during the bone morphing step (in an obese patient); the sensor was repositioned and the acquisition resumed.
Discussion
Although the dictum that a neutral mechanical axis must be achieved has been challenged, suboptimal implant position remains one of the main reasons for TKA failure [1, 3] . The use of conventional navigation systems is still limited, despite reports of beneficial effects, and researchers have therefore sought to develop new systems. Among them, iASSIST TM relies on accelerometers and gyroscopes. Preliminary results obtained using iASSIST TM are promising [18, [21] [22] [23] . The objective of the current study was to compare the accuracy of iASSIST TM to that of the validated conventional optical navigation system Navitrack TM .
Our results confirm our initial hypothesis: the rate of mechanical axis restoration (± 3 • ) was not lower with iASSIST TM than with Navitrack TM . Our findings regarding HKA, mLDFA, and mMPTA support previously published data on navigation systems that use accelerometers and gyroscopes (Table 5 ). However, in contradiction with our study, Nam et al. found a significantly lower tourniquet time with KneeAlign TM compared to conventional navigation (48 ± 10 minutes vs 54 ± 10 minutes, P < 0.01) [24] .
Although this study was conducted prospectively and all TKA procedures were performed by the same surgeon, several limitations should be acknowledged. All procedures were performed by a surgeon who had considerable experience and proficiency with navigation, a feature that limited the risk of bias due to a learning curve but that may also have translated into particularly good outcomes. Another possibility is that the absence of a significant difference between the two groups reflects a type II error. Nevertheless, the consistent trends towards better radiographic outcomes with iASSIST TM and the 70% power determined by a post-hoc assessment indicate that this risk was within reasonable bounds. Bias may also have affected our radiographic assessment criteria, either during acquisition of the images or during the measurements. To limit such bias, a stringently standardised protocol was followed to obtain the images. Furthermore, intra-observer reproducibility was satisfactory. However, we did not assess parameters in the sagittal plane and, consequently, cannot confirm previously reported data showing good sagittal alignment with iASSIST TM [18] . Furthermore, in contrast with conventional navigation systems, iASSIST TM does not provide navigation for cut height or for rotations. With iASSIST TM , cut height is classically determined using a stylus from the instrumentation kit. The absence of navigation for these two parameters is probably not a major limitation of iASSIST TM . A 2014 study by Abdel et al. showed that axial rotation of the implants (axial plane positioning) was the least reliable information obtained by navigation [3] . Schlatterer et al. reported that, during navigated TKA, the largest estimated error of 3.84 • was for axial rotation [25] . In contrast to conventional systems, iASSIST TM validates only the distal femoral and tibial cuts, and no intraoperative checks can be performed once the implants are positioned. Although these drawbacks do not affect accuracy, they should be weighed against the better ergonomy and lesser invasiveness of the novel navigation systems. The cost of the disposable pods is similar to those of the consumables required for optical navigation.
Conclusion
With 95% rates of neutral mechanical axis restoration and optimal implant position in the coronal plane, the iASSIST TM system proved as accurate as the conventional optical navigation system Navitrack TM .
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